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Simultaneous comparison of techniques for x-ray analysis of proximal
tuhule cells. Major differences in elemental and water content in cells of
rat papillae in antidiurcsis have been reported using x-ray
microanalysis. The reason for these reported differences is unknown. In
order to determine if the differing microprobe techniques used in these
reports could account for the differences measured, we analyzed
elemental concentrations in rat proximal tubule cells using both meth-
ods simultaneously on the same cells. Both methods provided compa-
rable results. Furthermore, no differences in element or water content
of proximal tubule cells cryosectioned with albumin at —53°C and those
cells cryosectioned at —80°C were seen. Therefore, the differing values
previously reported for elemental analysis of rat kidney cnnnot be
ascribed to either cryosectioning nt a warmer temperature or to the
analytical algorithm used by either group.
X-ray microprobe analysis is a potentially valuable technique
for obtaining quantitative information on elemental distribution
and water content in cells. Two related, but different, methods
have been used to obtain the same measurements [1, 2]. Using
these varying techniques, different laboratories have obtained
differing results on the same type of tissue. This variation has
prompted speculation on methodological causes [1, 3—5]. Such
differences may arise from either preparative or analytical
procedures.
Our methodology [2, 6, 7] used fully hydrated and then dried
tissue sections without contiguous external standards, while
Beck et al [1] used frozen dried cryosections with a contiguous
albumin external standard (Ringer's solution in 20% albumin).
In order to understand why such differences exist between the
two methods, we analyzed proximal tubule cells from sections
of albumin-dipped rat renal cortex using both our analytical
methodology with hydrated sections, and that with an external
albumin standard on the same cells simultaneously. In these
studies, proximal tubule cells were chosen as a standardized
tissue. In addition, we compared results from sections cut at
—53°C to analyses of sections cut at temperatures between
—80°C and —85°C to ascertain if sectioning at a warmer
temperature is associated with a shift in elemental content.
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Methods
Sample Preparation
180 to 250 gm Sprague-Dawley rats were anesthetized with
pentobarbital (40 mg/kg intraperitoneally). Through a midline
abdominal incision, first the left and then the right kidney were
exposed and freed by cutting the peritoneum. Fat adherent to
the kidney was removed. While one person lifted the kidney
with forceps and clamped the renal pedicle with a hemostat, a
second person simultaneously clamped the renal pedicle nearer
to the midline and cut between the two hemostats. The whole
kidney was then rapidly dipped into 20% bovine albumin (99.9%
pure) in Ringer's solution. The final concentration of elements
was 3.8 mrvi K, 150 m Na, and 104 mrvs Cl (confirmed by flame
photometry and SMAC). The albumin-dipped kidney was then
plunged into melting Freon 22 (DuPont, Wilmington, Delaware
USA) (which was being stirred by a third individual) in order to
quench freeze the tissue and surrounding albumin layer. The
frozen kidney was then transferred to liquid nitrogen (LN2) and
fractured into smaller pieces using a precooled scalpel. Total
time from clamping to freezing was invariably less then three
seconds.
Pieces of frozen renal cortex, with albumin layer attached,
were mounted in our cryochamber (Burlington Scientific
Cryocut I, North Billerica, Massachusetts, USA) which was
mounted on a Sorvall MT2B microtome. Without pre-trimming
the block, cryosections (0.5 jim nominal thickness) were cut at
temperatures between —50°C to —55°C (average temperature
—53°C) and measured in the chamber atmosphere adjacent to
the face of the block. This cutting temperature was chosen to
insure a fiat, combined section of albumin and cortex with
minimal discontinuous chip formation in the cortex (Fig. 1). A
tungsten-carbide knife with a total cutting angle of 30° was used
with a glass antiroll plate as described earlier [6]. Sections were
then placed on a beryllium (Be) holder and grid pre-cooled in
the microtome, which had been previously covered with a
carbon coated nylon film. The cryosections were stored cov-
ered, in a special chamber within the cryomicrotome chamber
prior to transfer. The frozen hydrated sections were then
transferred from the cryomicrotome through an airlock into an
AMRay 1400T scanning electron microscope, fitted with a
specially designed cold stage (Burlington Scientific, North
Billerica, Massachusetts, USA) and cooled to —185°C. The
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Fig. 1. Scanning electron micro graph of frozen
hydrated section (0.5 m thick) of
albumin-Ringer's solution dipped rat renal
cortex cryosectioned at —53°C. Note albumin
layer which sectioned with less discontinuous
chip formation than the tissue demonstrating
differences in material properties between tissue
and albumin. (x240)
transfer device consisted of a sealable Delnn cylinder which
was evacuated by a rotary vacuum pump immediately after the
section was withdrawn into the chamber [6].
In another set of experiments, four cryosections of similarly
prepared kidney, except without the albumin layer, were cut at
—80°C using a glass knife. The nominal thickness of these
sections was reduced to 0.25 tm to facilitate sectioning and to
eliminate discontinuous chip formation [8]. These sections were
transferred in the frozen hydrated state to the AMRay 1400T
coldstage as described above.
Analytical Protocol
Similar analytical conditions were used for all analyses:
accelerating voltage 20 KeV, probe current 0.4nA (as measured
by a specimen level Faraday cup), counting time 100 seconds
(live time). Three analytical protocols were used: 1) direct
measurement in the hydrated state; 2) method reported by
Saubermann et al [6, 7]; and 3) method reported by Beck et al
[1, 9—12].
Only the albumin layer was analyzed directly in the hydrated
state for elemental content alone. The analytical algorithm has
been described in detail [7]. Briefly, this consisted of applying
the ratio of characteristic counts to continuum counts corrected
for extraneous sources, estimated by continuum generation rate
from the adjacent support film [13]. The characteristic count
rates are determined from the area under the characteristic peak
for an element, after subjecting the spectrum to background
suppression using a top hat digital filter technique [7, 14].
Continuum counts, as a measure of specimen mass, are ob-
tained from the region between 4.6 and 6.0 KeV. The ratios
obtained from the characteristic counts to background are then
standardized using a standard curve for each element. In this
case, no added correction for absorption of Na x-rays was
made. For these calculations the following formulae were used:
P — bR-value = WtWe
C, = R-value S,
Where C is the concentration of element x, P, is the charac-
teristic x-ray counts for element x, b is the background counts
under the characteristic peak, W is the continuum counts in a
selected region, We is the extraneous continuum, and S, is the
calibration factor for element x.
For those measurements using our previously reported meth-
ods, analyses of continuum count rates were carried out first in
the hydrated state over larger areas. By dividing these larger
areas into smaller analytical areas, it was shown that the larger
area is of uniform mass thickness [2, 6, 7]. The section was then
freeze dried within the microscope vacuum by raising the stage
temperature to —60°C for 30 minutes. The stage was then
re-cooled to —185°C and the section re-analyzed.
In this group of measurements, only the albumin layer and
proximal tubule cell cytoplasm compartments were analyzed.
Water content was calculated by comparing the "dried" con-
tinuum generation rate with the "wet" generation rate. Wet
weight concentration (mmole/kg) was calculated from the dry
weight concentration using the following formulae [7]:
% Water = 11 — Continuumdned 1 x 100%
L Continuumhydmtedj
1100 — % waterR dry S5
i—— 100
For the method of Beck et al 111, analyses were carried out in
the dried state 19, 10]. In that method, count rates of charac-
teristic radiation from tissue were compared to characteristic
counts from standard. In this study, these data were obtained
from the filtered spectra as acquired above. Since the albumin
layer served as the reference standard, it was not possible to
determine its elemental content using the method of Beck et a!
I]; therefore, only the proximal tubule cytoplasm was analyzed
with their methods. For these calculations, the following for-
mula was used:
Cs = 1-'1 c5
L 15J
where I is the intensity of characteristic x-rays for element x,
I is the intensity of characteristic x-rays in the peripheral
standard for element x, and C5 is the known concentration of
element x in the peripheral standard.
The intensities of characteristic x-ray counts (obtained after
digital filtering) were suitable for application of both methods.
Therefore, the results reported here represent two different
calculation algorithms using the same data.
Sections obtained at --80°C were analyzed using our standard
methods [7].
Results
Analyses were performed on kidneys from seven animals
using a total of 15 cryosections. Frozen hydrated and frozen
dried sections of rat renal cortex with the albumin standard
layer are shown in Fig. 1, 2, and 3. No evidence of differential
shrinkage between albumin and tissue could be observed. The
elemental concentration (mmole/kg wet weight) and water
content of albumin and proximal tubule cell cytoplasm are given
in Tables I and 2.
Direct measurements of elemental content of the albumin
standards in the hydrated state show a deviation from expected
results. K was 6.4 0.5 SEM (mmole/kg wet wt) and was higher
than 3.8 mmole/kg expected. Both the direct hydrated (method
1) and hydrated to dried (method 11) gave similar results. The
value, using method I, for Na (84.1 mmole/kg wet wt) was not
corrected for absorption. This value was lower than the 150
mmole/kg expected, yet using method Il, 148.9 3.8 mmole/kg
wet wt was obtained. Similarly, Cl as measured by method I
was lower (87.5 1.6 mmole/kg) than either the expected (104
mmole/kg), or the values obtained by method 11(104.7 35.9).
Method 1! gave reproducible and accurate measurements of the
albumin standard for Na and Cl. The value for K, using method
11, was within the expected measurement error for small
amounts of K [71. Water content using our method showed the
albumin contained 8 1.9% water, approximately 1.9% greater
than expected.
In general, elemental concentrations and water content ob-
tained in these experiments for proximal tubule cell cytoplasm
with our method cut at —53°C, the method of Beck et al [I] cut
at —53°C and our method using sections cut at —80°C were all
in good agreement (Table 2). Those values obtained for K
showed the largest difference between groups. With the Beck et
al [I] method we observed a wide variance for K (116 156 SD)
reflecting the large range of values we obtained with their
method (24 to 120() mtnole/kg). A frequency distribution for the
K values failed to show a normal distribution, although all other
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Fig. 2. Scanning electron micrograph of came
sections as Fig. 1 after sublimation of ice,
(x240)
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Fig. 3. Scanning transmission image of a section
of rat proximal tubule cells freeze-dried at
—60°C, within the microscope vacuum, showing
good morphology, and patent lumens. (x 1470)
Table 1. Albumin standarda
Actual
Method jb
Hydrated
Method JJC
Hydrated-dried
Dry weight, % 20 — 18.1
Wet weight, % 80 — 81.9 0.7
K, mmole/kg wet weight 3.8 6.4 0.5 6.6 0.4
Na, mmole/kg wet weight 150 84.1 4.2 148.9 3.8
Cl, mmole/kg wet weight 104 85.5 1.6 104.7 4.1
S, mmole/kg wet weight — 92.6 1.7 91.3 3.5
a Values reported as mean SEM.b Measurement of elemental concentration made directly in hydrated
section, no absorption corrections were made. N = 45.
Measurement of elemental concentration made using method of
Saubermann et al [6, 7]. N = 77.
samples of measured elements and water content were normally
distributed. Because of the large variance, the mean values for
K for each group were not statistically different.
Discussion
Since Beck et al [1] and our group have reported widely
differing values for specific element and water content in,
presumably, the same compartments in the same type of tissue,
the question is raised as to why these two determinations are so
different. One way to begin to answer this question is to analyze
a given tissue using both methods at the same time. In that way,
if there are methodological problems inherent in either the
analytical algorithm [3] or in the analytical preparation [4], such
differences should become obvious. Thus, if we were to repro-
duce the values for proximal tubule cells reported by Beck et al
[11, 12] using their methodology, but not ours, then we would
be forced to look for systematic errors introduced in one or the
other set of analytical or preparative methods. Our methodol-
ogy permits analysis of the external albumin-Ringer's standard,
in addition to our usual measurements. Therefore, if we could
accurately measure the elemental content and water content of
that standard with our method, and our values for proximal
tubule cells were different from those reported by Beck et al,
then we might question their analytical method. Alternatively
both methods could agree, in which case either a biological
difference or a preparative artifact unrelated to cryosectioning
or the analytical procedure occurred in one group or the other.
The results, reported here, unequivocally support the latter of
these possibilities.
X-ray microprobe measurements in biological specimens are
generally difficult to validate because of the lack of suitable
alternative techniques which are capable of both high spatial
and quantitative elemental analytical precision. Attempts to use
ion-selective microelectrode techniques may provide corrobo-
rative data under conditions where all of the elements are
present in the aqueous phase, where the activity coefficient is
known to be equal to aqueous standards, where the specimen is
accessible to microelectrode techniques, and where both the
x-ray microprobe and microelectrode are measuring identical
compartments. Occasionally, such an approach will appear to
provide supporting data for microprobe measurements [15].
However, when differences in values are obtained for the same
compartment, using the same x-ray microprobe technology,
serious questions are raised about technique for specimen
preparation and analysis.
Cryosectioning has been considered a major potential source
for disruption of elemental distribution and water content [4].
This possibility has not been actually demonstrated by experi-
mental evidence, but the concept appears to stem from an early
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Table 2. Proximal tubular cell cytoplasma
Current study
Reported by
Beck et al [12]d
Saubermann et al [6, 7]
method"
Saubermann et al [6, 71
method°
Beck et al [1, 9]
metho&'
Cutting temperatures
Dry weight, %
Wet weight, %
K, mmolelkg wet weight
Na, ,nmole/kg wet weight
Cl, mmole/kg wet weight
P, mmole/kg wet weight
S, mmole/kg wet weight
—53°C
28.9°
71.1 0.6
132.3 2.6
51.6 1.6
51.7 1.6
190.8 3.8
94.6 2.3
—80°C
28.7°
71.3 0.8
136.9 5.0
44.3 2.7
45.5 2.3
192.7 5.7
102.8 2.8
—53°C
32.6 0.8
67.4°
116 11.0
45.5 1.5
44.3 1.4
—
—
—90°C
30.4 0.9
69.6°
142.3 4.7
18.0 1.2
33.7 1.7
193.0 6.7
a Values reported as mean 5EM.
"Tissue prepared with external albumin-Ringer's standard. N = 213.
° Tissue cryosectioned without external standard. N = 54.
d N = 24.
° Calculated from measured percent wet or dry weight fraction.
paper by Thornberg and Mengers [16] suggesting that the
cryosectioning mechanism involves momentary melting (with
refreezing). They speculated that cutting occurs by melting a
thin layer of ice through a freezing point depression mechanism.
That idea, plus a known recrystallization point of ice (—110°C),
has led to the widely accepted concept that cryosectioning
temperatures must be kept as cold as possible to minimize ice
crystal growth, preferably below —80°C to prevent elemental
redistribution and "smearing." In contrast, we have advocated
the principle of cryosectioning at warmer temperatures in order
to increase frozen tissue ductility (not ductility of intracellular
ice), thereby minimizing the work of cryosectioning [6, 8]. By
minimizing the work, the possibility of melting is theoretically
reduced, and consistency, through control of sectioning heat
input, is maintained. This methodology has been used to cut
thick (0.5 j.tm) cryosections cut in the range of —30°C to —60°C
[2, 6.-8]. We have shown that it is possible to maintain elemental
diffusion gradients at —30°C identical to those obtained at
—80°C in unbounded systems, and that no measurable increase
in ice crystal artifact size over that seen at —80°C can be
observed [6, 7]. Nonetheless, it has been suggested that
cryosectioning at warm temperatures introduces two major
artifacts, namely, elemental redistribution through smearing,
diffusion, or momentary melting, and dehydration prior to
analysis through increased sublimation rate during cryosection-
ing [17].
Since estimates of cell water content are based upon assump-
tions about tracer distribution and extravascular volume size,
there is little available information on actual cell water contents
except that which is provided by microprobe measurements.
Our methodology uses the difference between the continuum
generation rate in hydrated and dried tissue in the same
compartment to measure water content. The peripheral stan-
dard method [1] uses a contiguous external albumin standard to
estimate dry weight based upon the assumption that cryosec-
tions are cut uniformly thick, i.e., the albumin standard and
adjacent tissue are the same thickness. In these studies, we
were able to compare the ability of each method to determine
cell water content (or dry weight fraction) in the same tissue.
Since with our method, we would be able to determine water
content of the albumin standard directly, we have an additional
check on both methods. It is clear that we were able to
determine, with reasonably good precision and accuracy, the
expected water content of the albumin standard. Thus, if the
adjacent tissue was also fully hydrated when we performed the
initial analysis, our estimate of water content in proximal tubule
cell cytoplasm should be reasonably accurate as well. In
addition, both the peripheral standard method and our method
were in excellent agreement on cell water content. This con-
firms in general the assumption of uniformity of section thick-
ness of Beck et al [1] in this tissue. The wide variance in K may
reflect a combination of differences in thickness and inherent
statistical problems associated with measuring the small
amount of K used as a standardization value (to match extra-
cellular K) in the albumin standard. To minimize such measure-
ment errors, a standard with a higher concentration of K should
be used. It is also clear that both methods provide good
estimates of cell water in this tissue and that our method is
clearly capable of producing fully hydrated cryosections at
warmer temperatures. This evidence is also supported by a
recent report by Zingsheim [18], who showed that sublimation
rate in a microtome identical with ours is not a simple function
of temperature alone since mean free path must also be consid-
ered. In addition, when cryosections were cut at —80°C or
below, we obtained the same water contents for proximal
tubule cells as with cryosections cut at warm temperatures.
The results obtained with both methods for elemental content
of proximal tubule cells were in good agreement with each
other. Those values obtained for K, Na, Cl, P in sections cut at
warm temperatures and those cut at —80°C were essentially the
same. The mean values for Na and Cl obtained with the external
albumin standard method cut at —53°C (Na: 45.5 1.5 and Cl:
44.3 1.4) were nearly identical with those obtained from
sections cut at —80°C (Na: 44.3 2.7, Cl: 45.5 2.3). Using our
method on the same warm cut section yielded a slightly higher
mean value for Na and Cl which was within the experimental
error and not significantly different than the other values
obtained.
We have consistently observed in proximal tubule cells that
Na and Cl concentrations are virtually identical. A similar
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difference is in our respective measurements in papilae [1, 2].
Since there was very good agreement between the K and P
value reported by Beck et a! [11, 121 and our methods (both
—80°C sections and —53°C sections), we cannot ascribe these
differences in elemental concentration to cryosectioning at
warmer temperatures or to the analytical algorithm used by
either group. Furthermore, determination of the Na and Cl
content of the albumin standard was accurate with our method,
thus providing additional, and independent, evidence in support
of the suitability of our method to determine Na and Cl. Since
the peripheral standard method and our methods agreed when
measuring the same cells, it is of interest to speculate on other
possible causes for differences between values reported by
them and by us.
The small differences in Na and Cl content of proximal tubule
cells reported by both laboratories may be evidence of real
biological differences between our and their group of animals.
However, before such a conclusion could be reached it would
be necessary to exclude, for example, other technical causes
such as rehydration/relocation phenomenon during transfer of
freeze dried sections to the microscope [19], Na x-ray absorp-
tion in the additional layer of support film covering the speci-
men, and specimen handling differences prior to freezing. Such
experiments could be undertaken to reconcile these reported
values and the values reported by Beck et al [11]. While such
reconciliation is of interest, it is not essential for support of the
general conclusions drawn from these current studies.
In summary, these studies demonstrate unequivocally that
both our reported methodology for x-ray microprobe analysis of
frozen hydrated tissue sections and those x-ray microprobe
analysis methods of Beck et al [1] for frozen dried tissue
sections give comparable results with similar accuracy and
precision, providing the elemental concentration in a peripheral
standard is sufficiently great to minimize measurement error.
Furthermore, either technique appears suitable for x-ray micro-
probe analysis of biological specimens, providing the applica-
tion of an external standard can be shown not in itself to affect
elemental distribution. If the application of an external standard
affects elemental distribution or if rehydration does occur
during transfer, then our methodology would be superior. In
addition, this study demonstrates that there is no difference
between the elemental distribution in sections cut at warm
(—53°C) temperatures, under low work conditions, and those
cut at temperatures colder than —80°C. It therefore seems likely
that some other experimental factors, at present unidentified,
explain the difference in Na and Cl measured by the two groups
in both cortex and papillae.
Note added in proof
The results of the present study are supported by data
presented at the 43rd Annual Meeting of the Electron Micros-
copy Society of America by Drs. A. LeFurgey, P. Ingram and
L. J. Mandel. These data are reproduced here by permission of
the authors. Using x-ray microprobe analysis of freeze dried
cryosections of isolated rabbit kidney proximal tubules,
LeFurgey et al reported mean dry wt values for Na and K of 140
mmole/kg and 432 mmole/kg respectively in their untreated
controls. Water content, obtained by independent techniques,
was given as 2.4 jslmg protein which would be equivalent to
70.5% water. This water content corresponds with our mea-
surements reported here. Using that value for water content,
wet wt concentrations for Na and K would be 41 mmole/kg and
127 mmole/kg respectively. These values also correspond very
closely with our values (Table 2), and therefore, add further,
and independent, evidence in support of the accuracy and
validity of our measurements. Further support for these Na
values for proximal tubule cells can be found in the calculations
by Soltoff and Mandel [20] who estimated proximal tubule Na
content at —35 m from Na, K ATPase activity and 02
consumption.
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